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ABSTRACT
As part of the International Space University (ISU), Masters of Science by thesis program and in
cooperation with the University of New South Wales (UNSW) undertook work on the QB50 CubeSat
project. By researching weather in the lower thermosphere using GNSS-Radio occultation techniques
the main goal of this project is to develop a system to post-process the downloaded raw data into
useful information using the L1 (single) GPS frequency. The GPS receiver will be located on the
QB50 satellite in a LEO orbit. The aim of this experiment will be based on theory how to replicate,
confirm and extend the CanX-2-RadioOccultation (Canadian Advanced Nanospace eXperiment)
results on this project.
Throughout this thesis the possibilities and opportunities of this relatively new method of the remote
sensing application will be presented. The objective of this project is to put together the methodology,
theory and application of the GPS radio occultation theoretical concept, consider the advantages and
disadvantages of CanX-2 RO mission with possibility to develop and implement similar techniques in
the QB50-RO mission.
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1.1 INTRODUCTION
1.2 MAIN OBJECTIVES AND STRUCTURE OF REPORT

QB50 GNSS Radio Occultation

1.1 Introduction
This report discusses the theory, methodology and application of acquiring and processing refracted
GPS signals through the atmosphere for future QB50 Radio Occultation mission. There are several
requirements set for QB 50 radio occultation mission. They are based on the nanosatellite orbit altitude
and its capability implemented towards to the atmospheric research. According to the required orbital
altitude of 320 km and 79 degrees for the general QB50 mission, it is suggested to integrate a radio
occultation receiver that uses a single frequency to obtain ionospheric profiles. Looking through many
radio occultation missions and their results, only the Canadian Advanced Nanospace eXperiment
(CanX-2) mission fits the required condition for QB50 RO.
The CanX-2 radio occultation mission used single frequency for ionospheric profile research, and this
will be used as a model for the future Australian QB50 radio occultation experiment, with proposed a
launch date not earlier than beginning of 2016.
Moreover, investigation of direct and refracted electromagnetic signals and methods are used to
process the collected data for monitoring atmospheric parameters. Usually, a generally refracted signal
is considered as an undesirable interference in positioning and navigation. These signals should be
suppressed because they deteriorate the accuracy of positioning. Recently, this type of GNSS signal
has been recognized as a potentially useful signal in remote sensing applications.
In addition to meteorological observations, measurement of refracted signals from GPS transmitters
can potentially provide accurate estimated results of the atmospheric parameters based on analysis of
statistical fluctuations of the wave phased passing through the ionosphere. The report will present the
feasibility of active GPS refracted signals and its capability to identify the refractivity profile pressure,
temperature and water vapor when they are passing through the atmospheric layer.

1.2 Main objectives and structure of report
This Master thesis has been hosted by the International Space University (ISU) located in IllkirchGraffenstaden, France, and with the remote assistance of the University of New South Wales (UNSW)
department of GPS Technology and Navigation in Sydney, Australia.
The project has several distinct scientific missions:
 To approach fundamentals of GNSS-Radio Occultation to future users
 To approach science and allow students/readers from different courses to acquire skills in
particular new part of implementation GPS capability.
 To introduce the CanX-2 GPS radio occultation experiment
 To develop the same model for future QB50 Radio Occultation mission.
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This work comprises:







Study state of art of signal processing algorithms for GNSS-Radio Occultation and select
the most relevant one(s) which use the forward scattered range-coded signals from the GPS
in order to measure the atmospheric parameters
Modeling the propagation of GPS signals in an atmospheric environment
Investigate weather data repositories from different radio occultation satellite mission, from
ground based GPS instruments, and meteorological stations
Developing the algorithm for GPS –RO single frequency measurements
Modeled comparison for the future QB50 collect data

Structure of report:
To better understand the GNSS-Radio Occultation principals working skills using a prototype GPS
receiver for the QB50 mission this report is divided into five main parts.








Part 1 - Introduction: This part talks briefly about the objective, goals and structure of the
master report.
Part 2 - The basics of the GNSS-Radio Occultation concept: This chapter will introduce the
fundamentals of Atmospheric studies, GNSS, GPS and GPS-Radio Occultation techniques.
Part 3 –Radio Occultation Processing models: This chapter covers an overview of existing
experiments such as CanX-2 RO and the main techniques, principles, theories and
methodologies used for running it.
Part 4 – QB50-RO Mission and radio Occultation experiment: This chapter will describe
QB50 mission, motivation and goals including all possible issues of all techniques and
technologies that the project deals with. This part will be concerned with developing the
code to process modeled data from current or finished missions and prepare for future
experimental data.
Part 5 - Conclusions and future work: Main conclusions of the project and recommendation
for future work will be commented through this chapter.
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PART 2- THE BASIC CONCEPT OF GNSSRADIO OCCULTATION

Before going further to GNSS-Radio Occultation concepts and methodology this chapter will
introduce basic atmospheric terms and main work principles of GNSS and GNSS-Radio
Occultation.
This introduces basic statements of GNSS-Radio Occultation will help the reader to follow the
report and understand its important role in the remote sensing application.

2.1 INTRODUCTION TO ATMOSPHERIC STUDIES
2.1.1
Milinkovic’s astronomical theory of climate
2.1.2
Atmosphere
2.2 FUNDAMENTALS OF GNSS
2.3 THE GLOBAL POSITIONING SYSTEM
2.3.1
GPS Description
2.3.2
GPS Signal Structure
2.3.3
GPS Errors and Corrections
2.4 THE BASIC GPS-RADIO OCCULTATION CONCEPT
2.4.1
GPS Radio Occultation History
2.4.2
The GNSS-Radio Occultation Earth’s Missions
2.4.3
Fundamental Principles of GNSS-Radio Occultation
2.4.4
Technical Aspect of GPS-Radio occultation (Doppler Effect Theoretical Measurement
Condition, GPS Antenna)
2.5 GPS-RO OPERATING PRINCIPLES
2.5.1
Atmospheric Refraction
2.5.2
Atmospheric Retrievals
2.5.3
Bending Angle Retrievals
2.5.4
Ionosphere Retrieval
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2.1 Introduction to Atmospheric Studies
2.1.1 Milankovitch’s Astronomical Theory of Climate
As “A traveler through distant worlds and times” Milutin Milankovitch was the founder of theory of
connection between insolation and temperature of Earth and its atmosphere. His contributions in
climatology characterize the explanations of natural causes on change of the Earth’s climate. He
created a mathematical model of the effect of the Sun’s rays on the Earth’s surface and its atmosphere.
His theory describes how the climate is changing over time, and explains the enigma of the ice age.
Using his model it is possible to precisely calculate the climate changes hundreds of thousands years
in the past, and also to predict what will be happen in the distant future (Petrovic, Aleksandar, 2009).
The distance between Sun and Earth is changing over time, as well as the angle of the solar rays.
According to Milankovitch’s theory, it is proved how the Earth’s specular orbital cycles, such as
eccentricity, obliquity and procession have huge impact on the Earth’s insolation, and have
consecutive influence on the climate change process. This theory he applied as well on Mars and
Venus. This mathematical theory of climatology today is called “Milankovitch cycles”
(Spasova,Danica, Radinovic,Djuro and Milicevic,Vlado, 2015).
His theory is divided into two parts, the astronomical and the physical.
The astronomical part is calculation of the insolation of the most upper Earth’s atmospheric layer
which depends on the different distance between Earth and the Sun, and on the inclination and
orientation of the rotation axis with respect to the geographical latitude. According to that
Milankovitch included three important astronomical periodicities (it is explained below and visually
shown in the Figure 1):
1) Eccentricity – presents Earth’s orbit which by time slightly and periodically (between
100,000- 413,000 years) elongated the shape and produce seasonal differences. Eccentricity is
the measure of the elongation of the Earth’s orbit which varies periodically over time. As an
example, solar radiation is highest in the case when Earth is closest to the Sun and if that
happens during the winter period than the winter is obviously less severe compared to the
summer period when, in that case, impact of solar radiation produces a warm season.
2) Obliquity – or also called “a tilt of the Earth‘s axis”. The obliquity is the measure of the tilt of
the Earth’s axis away from the orbital plane. The angle varies periodically between 22.1° and
24.5° over 41,000 years, and the effects are felt most at the poles. A 1° increase in obliquity
means that the total received energy on the summer hemisphere increases by 1%. Today the
Earth’s obliquity is around 23.5°.
3) Precession – is actually revolution of the Earth’s precession of the equinoxes which changes
between 19,000 - 26,000 years. This is caused by a wobble effect on the axis as the Earth is
turning around the elliptical orbit. Due to the opposite direction of the wobble from the Earth’s
rotation around the Sun in 11,000 years the North Pole will no longer point towards the North
Star. The angle will be changed by 47°, and it will than point at a different star: Vega. This
precession of the equinoxes is classified as a main factor for variable and unsteady length of
5
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seasons. According to that the seasons will be completely opposite; i.e. in around 20,000 years
from today the summer will last from December to March for our part of hemisphere
(Strasbourg location) (Petrovic, Aleksandar, 2009).

Figure 1- Milankovitch’s Cycles
Credit: http://www.meted.ucar.edu/broadcastmet/climate/content/sec01_01b.htm
The physical part involves the detailed laws of meteorology and climatology, and it is connected with
quantity of solar radiation that reaches the planet’s surface in all geographical latitudes during all
annual seasons. The sunlight heat is generally more powerful at the equator which is then carried by
air and water to the both Polar Regions. However, the Polar land mass receives less direct sun light,
and due to that phenomena, those surfaces are easier for glaciation than ocean basins or large wet
places. The evaporated water from heated surfaces provides the snowfall and builds the ice sheets.
According to that natural circumstances and Milankovitch cycle theory, Milankovitch himself
calculated the specular changes in the summer insolation specifically located at the latitude of 55°,
60°, and 65° N for a period lasting 650,000 years. The table with 5,600 numbers presents his “Canon
of insolation“ which is the foundation for any contemporary paleoclimates research. “The Canon of
Insolation“ links the exact science (like celestial mechanics, spherical astronomy, and mathematical
physics) with the descriptive sciences (such as geology, meteorology, geography, oceanography and
glaciology). This is a famous statement of the astronomic theory of the ice ages and its diagram of
insolation for past to the future (Petrovic, Aleksandar, 2009).
Because Milankovitch’s mathematical tool describes past 600,000 years and it is applicable to the
paleoclimate in the warming and cooling phase when the climate was on its maximum (rich vegetation
6
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and great deposit of hard coal) and on its minimum level (ice age) (Spasova,Danica, Radinovic,Djuro
and Milicevic,Vlado, 2015).
Milankowitch also had a huge contribution to the area of research, forecast and prediction of climate
changes and natural atmospheric warming effect on the Earth.

2.1.2 Atmosphere
An atmosphere is the gaseous mass surrounding a celestial body. Some planets and satellites have
atmospheres but small bodies such as asteroids and comets do not. The composition of Earth’s
atmosphere is ~ 80% nitrogen and ~20% oxygen including traces of other gases. Figure 2 shows the
atmospheric layers including temperature profiles which are defined on two ways:
 Transition zones: Tropopause at ~11 km and minimum temperature of ~ -55°, Stratopause at
~50 km with maximal temperature ~0° and Mesopause at ~90km with minimum temperature
~ -90°
 Layers, between the transition zones: Troposphere, Stratosphere, Mesosphere and
Thermosphere
The Thermosphere, Heterosphere (~above 90-100km) and Ionosphere (above~70km) belong to the
upper atmosphere, where temperature increases with altitude, and with the absorption of UV radiation.

Figure 2: Atmospheric Layers
(Credit:NOAA)
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There are numerous physical and chemical processes happening in ionosphere. At 50 km the
ionosphere starts to be sensitive on positively charged ions and negatively charged free electrons.
Generally free electrons combine with neutral atoms and produce (in a process called attachment) the
negatively charged ions. Due to different absorption of the molecules and the atoms, the ionosphere is
distinguished by several layers of electron density.
Figure 3 shows divided layers of ionosphere.
 D-Layer from 50 to 100 km. in this layer cosmic radiation is the primary source of electrons. By
day and night the D layer electron density is very variable. During the day, due to sun’s radiation,
the electrons detach themselves from negative ions which were formed from the atoms and the
molecules during the night. Because of diurnal rhythmic variation of the electron density, the D
layer electrons are present only by day.
 E-Layer from 100 to 160km is similar to the D layer because its behavior strongly depends on the
solar activity and the sun’s zenith angle. During the night, the D layer’s electron density falls to
zero. It is assumed that in this layer atomic ions cannot be recombined with electrons. Here, the
positive ions are mostly molecular.
 F- Layer from 160 to 25 km is characterized by the fact that its main source of ionization is EUV
(Sun’s extreme ultra violet) light. The measurements are observed more during the summer days
according to the better presence of the solar activity. When the electron density is present in the F1
layer than it changes rapidly its state in a couple of minutes.
 F2-Layer from 250 to 400 km is the most important ionospheric layer. In this distinct atmospheric
region, the maximum electron density occurs as the effect of the EUV light absorption and
increased neutral atmospheric density (Enviropedia, 2015).
These ionospheric layers are important to determination of the vertical profiles for the refractive
atmospheric index in the radio occultation measurements.

Figure 3: Layers of Ionosphere
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2.2 Fundamentals of GNSS
A Global Navigation Satellite System (GNSS) is a common name for the systems for positioning,
navigation and timing which use satellites for providing those geo-localisation services for civil and
military purposes. The GNSSs utilize navigation satellites from United States GPS (Global
Positioning System), GLONASS (Russian Navigation System), GALILEO (European Navigation
System), COMPAS-BeiDou (Chinese Navigation System), Japanese QZSS (Quasi Zenith Satellite
System) and Indian (IRNSS). The GNSS constellations operate in the MEO (medium Earth orbit) at an
altitude of around 20,200 km (Jin, Feng and Gleason, 2011).
Figure 4 shows complete constellation of all planned GNSS, and Figure 6, separate GPS, GLONASS,
GALILEO and BEIDOU constellations drew by STK tools.

Figure 4: GNSS Constellation
All systems under the GNSS use the same L-Band frequency. GNSS transmit RHCP (Right hand
circularly polarized) signals which provide navigation message and two ranging modulated L band
codes, see below Figure 5 (Dallas, Pennina and Stephen, 2013).

Figure 5: RHCP Signal
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For instance, GPS uses Code Division Multiple Access (CDMA) in the L1, L2 and L5 bands. The
signal signature for GALILEO is the same as GPS, except CDMA uses different band such as E5a, b,
E6 and E2-L1-E1. GLONASS uses Frequency Division Multiple Access (FDMA) in L1, and L2
bands.
All these GNSS signal features make the excellent source for monitoring the Earth’s current
environment and predicting its future weather state.
In the near future, to provide better positioning accuracy, the new generation of GNSS receivers will
be capable of combining signals from all GNSS constellations.

Figure 6: GPS, GLONASS, GALILEO and BEIDOU constellations
The reason why the GPS constellation is chosen for the radio occultation missions is that the orbital
periods for the GPS satellites last for approximately 12 hours, with large inclinations from 55 to 56 °
and with almost full coverage of the Earth’s surface.
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2.3 The Global Positioning System
2.3.1 GPS Description
The semi-synchronous orbit is dedicated to the GPS constellation and it is a near-circular orbit with
low eccentricity. As of August 2015 official information is provided, the GPS constellation consists of
32 satellites placed in 6 orbital planes and only 24 are operational. From the Equatorial plane each
plane is inclined by 55 degrees (http://www.gps.gov/systems/gps/space/).
The GPS system is divided into three segments: (These segments are illustrated in Figure 7 ):
 Space segment - GPS constellation where orbits are set so that at least six satellites are always
visible from any location on the globe, but at least four is need for good positioning.
 Control segment - the network for monitoring and control, including the master control
system, monitor stations and ground antennas.
 User segment - The segment dedicated to positioning the receivers.

Figure 7: GPS Segments
11
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2.3.2 GPS Signal Structure
Each GPS satellite carries four atomic clocks which are set to a fundamental frequency f0 of 10.23
MHz. As previously mentioned, the GPS transmits three microwave radio signals: L1 (f1=1575.42
MHz, λ1=19.0 cm), L2 (f2=1227.60 MHz, λ2=24.4 cm) and L5 (f5=1176.45 MHz, λ5=25.5 cm). These
signals are also named carrier signals. The L1 signal is modulated by two (PRN) pseudorandom noise
codes (P and C/A) and messages sent include the ephemeris data of the satellite, the system time,
satellite clock behavior data and almanac data. The L2 is modulated only with P-code and with a
message set. For L1 carrier, both P-code and C/A-code are superimposed and phase quadrature is used
to avoid complications to create a second L1 signal. This phase quadrature is shifted for 90 degrees
from original and modulated with C/A code. The original is directly modulated with P-code. Both are
there upon recombined (Webster, 1993).

Figure 8: Composition of GPS Signal
The C/A code is a sequence 1023 bits (chips) long which is repeated every millisecond with a
modulation frequency of 1.023 MHz which gives a wavelength of ~300m. The C/A code modulates
only to L1 carrier phase. The P code is different and longer sequence than the C/A code. With a
frequency of 10.23 MHz, it modulates both L1 and L2 signals (Sarab, Tay, 2012). Figure 8 (Global
Positioning System Overview, 2015)
The L1 frequency carries the standard positioning service (SPS) code signals and the navigation
messages. The receivers equipped with the precise positioning services (PPS) use the L2 frequency to
measure the ionospheric delay.
The ephemeris data present the calculated position of the GPS satellite in the orbit at the moment
when the signal is transmitted. The almanac data provide information about time and the orbit
position. The ranging code has the potential to determine the propagation of the GPS signal from the
GPS transmitter to the GPS receiver. Both the navigation messages and the ranging code have to be
modulated onto a carrier frequency.
Each GPS satellite has the unique PRN (Pseudo Random Noise) code which is important for precise
calculation of the longitude, the latitude and the altitude of the receiver. Each GPS satellite constantly
emits the navigation message (about its position and exact time when the signal is transmitted). By
taking into account the speed of light (300,000 km/s) and time spent for the signal traveling from the
12
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transmitter to the receiver then it is possible to find the distance between both of them (the GPS
satellite and the receiver) (Ogrizovic, Vukan, 2007).
In the equation Distance = Speed x Time, time represents the difference between a pseudo random
code generated by the GPS receiver on the ground and the pseudo random code generated by the GPS
satellite. In space the transmission time of the signal is less than 0.07 s which is enough to get the
accurate position. To determine the position, time and velocity, the GPS receiver uses at least four
navigation messages from different GPS transmitters. As a final result of the code-phase arrival time
measurements from the four satellites, the three-dimensional position (X, Y, Z) and GPS time (T) are
obtained (Ogrizovic, Vukan, 2007).
CDMA is a form which authorizes the receiver to recognize several satellites on the same frequency at
the same time and distinguish them by PRN (Pseudo Random Noise) sequence. Each GPS satellite has
its own C/A code which is unique and cannot correlate with any other GPS satellite. The PRN is a
mathematical algorithm consisting of one second patterns which are actually orthogonal to the other
PRN code. P-code also has the PRN, but it is different compared to C/A in that it has the ability to
repeat weekly when it is transmitted at 10.25 MHz/s.

𝒔(𝒕) = 𝑵(𝒕) ∙ 𝑪𝑨(𝒕) ∙ 𝒆𝒊𝟐𝝅∙𝒇∙𝒕

(2-1)

To receive the signal it is important to calculate that using equation 2-1, where s(t) is the emitted
signal, N(t) the navigation message and CA(t) the spreading code with down-converted carrier
frequency f which is Doppler shifted (Rius, Ruffini and Romeo, 1998).

2.3.3 GPS Errors and Corrections
The control segment’s role is monitoring and maintenance of the satellites in the space, and is
responsible for the integrity of the transmitted signals. At the same time the control segment and the
receiver automatically correct the transmitted signals which are influenced by many environmental
and mechanical effects. Figure 9 shows how the signals are constantly exposed to errors such as:
1. Orbit error: Ephemeris errors - The satellite orbit errors may cause a deviation of up to 5 m from
the actual position of the receiver.
2. Clock error: Clock drift - satellite and receiver clock errors operate simultaneously, but small
deviation can cause errors in the range of 0 - 1.5 m
3 and 4. Ionospheric and tropospheric delays: Atmospheric errors- The speed of the signal is
affected by passing through the ionosphere and troposphere, causing deviation of up to 30 m from the
actual position of the receiver.
5. Multipath: - due to the signal reflection over some surfaces produces deviation of 0 - 1 m.
6. Signal obstruction and GPS jamming - limits the effectiveness of the GPS signals. It is a device
which temporarily disables the reception of the civilian C/A code.
7. Receiver noise – is directly related to the antenna properties.

13
ISU MSS 2015 Danijela Ignjatovic Stupar

QB50 GNSS Radio Occultation

Figure 9: GPS environmental and mechanical errors
Other essential parameters and facilities used for determining the position and increasing the accuracy
are Dilution of Precision (DOP), IGS (International GNSS Services), NDGPS (Nationwide
Differential GPS System), GDGPS (Global Differential GPS system), CORS (Continuously Operating
Reference Stations), and the augmentation systems such as WAAS (Wide Area Augmentation
System), SBAS, GBAS.

2.4 The Basic GPS-Radio Occultation Concept
2.4.1 GPS Radio Occultation History
An occultation is an astronomical event that occurs when a celestial body in the foreground blocks
another celestial body in the background. For example, the occultation events are used to analyze and
measure the atmospheric parameters and composition of Saturn and Uranus rings.
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How the GPS Radio Occultation idea was born?
The technique was first explored in probing the atmospheres of distant planets and was pioneered by
NASA’s Jet Propulsion Laboratory (JPL) and Stanford University in the 1960s. The idea was to send a
space probe from Earth to the far side of a planet in the Solar system and transmit a known radio
frequency back to Earth. The radio signal grazes the planet’s limb when the probe passes behind it. In
the cases where the planet does not have the atmosphere, the beam will remain in straight line, but if
the atmosphere exists, the beam will be refracted (bent).
How do we know that the radio signal transmitted from behind the planet is actually refracted?
Refraction is detected by measuring the Doppler frequency shift of the received signal on Earth. For
the straight ray, signal transmission, it is possible to predict the shift exactly based on the orbital
motion of the spacecraft and the motion of the receiving station on Earth. But for the signal refracted
by the planetary atmosphere, the Doppler shift will be different from the prediction based solely on the
relative motion of the transmitter and the receiver.
The results of the measured Doppler frequency shift offer information of the atmospheres of the
distant planets. The first model of the radio occultation was applied to study the thin atmosphere of
Mars and was conducted by Stanford University and NASA/JPL. Two years later, the study was
extended to Venus. Both projects were more than successful in the sense of the accurate atmospheric
temperature profiles, see Figure 10 (Fjeldbo, Gunnar, 1968).

Figure 10: RO atmospheric temperature of Mars and Venus
The same radio occultation principles from these models can be applied to study Earth’s atmosphere.
In the case of Earth, the satellites with the receivers are placed in the LEO receiving the signals from
the transmitter based in the GPS constellation. The LEO satellite sees the transmitted signal from the
GPS satellite as it rises or sets behind the Earth. The signal passes through the atmosphere and detects
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the atmospheric weather parameters such as: water vapor, temperature, pressure and ionospheric
electron density. This is elaborated further in the Chapter 2.5.

2.4.2 The GNSS- Radio Occultation Earth’s Missions
For decades the delay of the GNSS signals in atmospheric environment was considered as the error for
navigation, positioning and timing but nowadays it is used for the accurate measurements of the
atmospheric parameters.
International partners have launched very successful radio occultation missions with applications in
meteorology, space weather, and climatology research, and their results improve day after day.
Nowadays, many missions are involved in the GPS-RO race. The most famous are SAC-C in
cooperation US/Argentina, GRACE (Gravity Recovery and Climate Experiment) from US/Germany,
German CHAMP (CHAllenging Minisatellite Payload) and TerraSAR-X as well as two most famous
European ones, MetOp and FORMOSAT-3/COSMIC (Jin S. et Komjathy A., 2010).

Figure 11: Expected COSMIC sounds
The COSMIC (Constellation Observing System for Meteorology Ionosphere and Climate) Figure 11 is
designed for weather forecasting and also atmospheric and geodetic research. Its constellation consists
of six LEO satellites, in the planes spaced 24° apart, on final orbits from 750 to 800 km, with an
inclination of 72°. It is equipped with three instruments: a GPS-RO receiver for tracking the GPS
signals, the TIP (Tiny Ionospheric Receiver) for measuring ionospheric TEC from the satellite nadir
direction, and tri–band beacon, for generating high resolution satellite to the ground station. The
COSMIC GPS receiver is generated from the same receiver which was involved in the CHAMP
program. The COSMIC data is classified into four different levels (0, 1A, 1B and 2). Each of these
levels represents the measurements data classified by type. For instance, level 0 contains the raw data;
the level 2 consists of the final products, which include temperature, water vapor pressure profiles,
temperature and atmospheric refractivity. Located in the intermediate levels 1A and 1B is the data of
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atmospheric phase delay, atmospheric Doppler shifts and signal amplitude, and also bending angles
(Fu et al., 2007).
Collected data from any of these satellites are transmitted to the ground stations, processed in near-real
time and provided to research or operational institutions. The accuracy of provided information for
global weather forecasting continues to improve, as expected for this mission.

2.4.3 Fundamental Principles of GNSS- Radio Occultation
Due to evolution of the GNSS, its capabilities are increasing to the point that today it is possible to use
its radio signals differently than the main, original implementation. The innovative methodologies use
the direct, reflected, or refracted radio signals from GNSS to analyze the atmospheric properties or to
observe the Earth’s surface behavior.
The transmitted radio signals travel through the atmosphere, and depending on how the signals reach
the receiver, GNSS can be divided into two sections: GNSS-Reflectometry (GNSS-R) and GNSSRefractometry or also named GNSS Radio Occultation (GNSS-RO).
The radio signals which are reflected from the Earth’s surface belong to the GNSS-R technique and
provide information on soil moisture, altimetry of sea/ocean level, ocean wind speed and direction,
classification of snow and ice thicknesses, and many other remote sensing application related to the
wet surfaces.(Figure 12)

Figure 12: GPS Reflectormetry
Other radio signals which are refracted by the atmosphere pertain to GNSS-RO observation and
involve the permanent measurements of the atmospheric parameters which provide the accurate
weather results. This slanted propagation path yields information about the profile density and the
temperature in different atmospheric layers, and also on the total electron content (TEC).
At any time, a large number of the measurements can be made, as far as the satellites are visible to the
satellite in the low orbit. (Figure 13).
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Figure 13: GPS Radio Occultation
Earth is surrounded by the stable, coherent radio signals from the large number of the navigation
satellites. All radio occultation data collected so far have used GPS. GPS is foremost in this research
for its capability to cover almost the entire Earth.
As already mentioned, the GPS transmits three L band radio frequencies, but only L1 and L2 are used
for the RO measurements. The signals beam from around 24 GPS satellites which orbit at an altitude
of approximately 20,200 km above the Earth’s surface. The constellation is configured in such a way
to cover almost the whole globe and conveniently also covers approximately 3000 vertical km of the
atmosphere, the ionosphere and the space above the Earth, it is shown on the Figure 14. Every LEO
satellite may see the GPS satellite when it rises or sets.
For 24 GPS satellites it is possible to have 16 occultations per LEO every 100 minutes. That
theoretically offers 600 occultations per day for each LEO. This number is a little bit optimistic as it is
not possible that all occultation could be tracked due to limitations of the receiving antennas in the
field of view. More realistically, each LEO satellite could observe 400-500 occultations per day,
limited by the position and the capability of the antennas (Jin, Shuanggen and Komjathy. Attila, 2010).

Figure 14: Earth coverage by GPS constellation
(Credit: COSMIC EDU)
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The GPS signals were designed for navigation and timing, not for RO. One of the reasons why L1 and
L2 carrier frequencies were chosen is that only these radio frequencies could penetrate clouds under
all-weather conditions. These two frequencies allow determination of the signal delay in the
ionosphere. The ionosphere is dispersive, which means that that it affects the frequencies differently.
The effect of the ionosphere on a signal is proportional of squared inverse of the carrier frequency, and
therefore L2 frequency is more affected than L1. This difference between L1 and L2 frequencies
allows one to determine the ionospheric effects on the signals. This effect is removed from RO data in
neutral, or ion free atmosphere, and is also useful for measuring the ionospheric properties in the
higher altitudes above 100 km (Jin, Feng and Gleason, 2011).
Figure 15 describes the main principle of GPS Radio Occultation. The GPS receiver on the LEO
satellite tracks the GPS transmitter when it sets behind the Earth’s limb and observes the signal delay.
The radio waves bend continuously over time as the satellite sets (red lines). The yellow line presents
the tangent points of the signal when they bend above the Earth’s surface signal. The tangent point is
the change in the longitude and the latitude during the occultation. In order to determine the profiles of
the atmospheric parameters of RO, the GPS and the LEO satellites velocity must be estimated very
accurately.

Figure 15: Working principles of GPS-RO
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The velocity of the GPS satellites is 3 km/s and for the LEO satellites it is 7 km/s. For the precise
temperature profiles, accuracy of orbit determination has to keep relative velocity of the receiver with
approximate accuracy of 0.2 mm/s. On the other side, all possible forces acting on the satellites are
present as well, such as the gravitational field, the gravitational effects on planets, Moon and the solar
radiation pressure, but they can be compensated with sophisticated processes and techniques (Jin,
Cardellach and Xie, 2013).
Combining ground based and space based GPS receivers, it is possible to observe atmospheric
sounding, including tropospheric perceptible water vapor (PWV), ionospheric total electron content
(TEC), and atmospheric vertical profiles (consisting of pressure, temperature, humidity and electron
density from the ionosphere and the tropopause). Figure 16 shows Flow diagram which kind of
information the GPS signal should provide traveling through different atmospheric layers.

Figure 16: Atmospheric products
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2.4.4 Technical aspects of GPS –Radio Occultation


Doppler Effect:

During the occultation, the frequency of the signal is changed due to the Doppler Effect, representing
the primary observable parameter. The Doppler Effect pleads the kinematic effect, resulting in the
frequency changes due to the relative motion of the receiver and the transmitter. This is presented as
the change of the length of the phase path between them. Due to the motion of both, (the transmitter
and the receiver) the time derivative of the excess phase increases the Doppler effect, which is further
affected by the atmosphere. The main reason for this effect is that the angle of intersection of the
satellite and the straight line path is disturbed by the coming ray which is actually bending that straight
angle (S. B. Healy, J. Haase and O. Lesne, 2002).
According to the orbit determination theory, the location of the GPS and the receiver orbit (𝜈0 ) and
the angle ϕ are known, the Doppler frequency shift (𝑓𝑑 ) will be calculated using equation 2-1.



Theoretical Measurements Conditions:

At least four GPS satellites are visible at every moment by the LEO and therefore it is always possible
to make the radio-occultation observation. For the reasons of the storage, data transfer and the
scientific relevance, not all occultation measurements have to be selected. First it was determined that
the best measures were made in a closed-loop. The method of the closed-loop measurement takes
observations "behind" the LEO satellite, in the opposite direction to its movement. Figure 17 (Ao et
al., 2009)

Figure 17: Closed loop method

The main objective of the radio occultation technique is to monitor the layers located below the LEO
satellite (the ionosphere and the troposphere). For that reason it is necessary to take into account the
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condition on the rise between the orbital axis of the LEO satellite and the GPS satellite. This requires
that the elevation angle is negative (i.e. the satellite "looks" down). Figure 18 (Ao et al., 2009).

Figure 18: Elevation angle
In the space, the satellite that orbits the Earth is constantly exposed to external and internal
disturbances. The attitude controls play the main role in stabilizing the satellite position. Some of
external disturbances like the Earth’s gravitational force, its shape and inhomogeneity, and the Sun
and Moon’s attraction play a lot into the orbital inclination of satellite. Residual atmospheric braking
also degrades mechanical energy which decreases the orbit’s major axis by the drag effect. Solar
radiation pressure also acts on the satellite’s solar panels, and interaction between the Earth’s magnetic
field and the residual magnetic moment of satellite affects the altitude as well (Ao et al., 2009).
The precision orbit determination (POD) is one of the several challenging steps in the RO
measurements. It is based on the first stage in data processing and without this accurately established
parameter the radio occultation observation is not able to work. A high level of accuracy is achieved
using the GPS orbit parametric model from the International GPS System (IGS) which provides the
accurate final orbital position of both (LEO and GPS) satellites (Schreiner, Hunt, Rocken and
Sokolovskiy, 1997).
Note that the internal disturbances also exist due to moving or other components (motors, liquids in
tanks, gas leaks ...) but in a context of the LEO satellites, many of these elements do not appear.
To carry out the required measures, it is necessary to point the antenna of the GPS receiver in the
specific direction. It is therefore necessary to stabilize the altitude of the satellite and orient it in the
desired direction. This is done through AOCS (altitude control system and orbit), the set of equipment
which allows control of the satellite’s attitude and orbit.
The first step of AOCS is to determine the attitude of the satellite and to know which torque will be
applied to orient the satellite to the desired location. This is done by combining the information from
the GPS receiver for the exact position and the information acquired by the solar sensors.

P=P(0)cos(q), P=power

2-2
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Information given from the power output of the solar panels defines the parameter directly related to
orientation of the satellite relative to the sun. To obtain this kind of information it is required to use the
property of the Sun’s light to vary as the cosine of the ray angle to the normal being the recipient cells.
Equation 2-2.

Figure 19: Solar reflection
This gives the angle of the direction of the sun with the normal to the cell plane, shown on the Figure
19. The accuracy depends on limited acquisition of the Sun. The orientation in three dimensions is
determined using the multiple cells.



GPS Antenna

The GPS/GNSS antenna is the important element of the radio occultation mission. First, because it is
essential to achieve the TEC measurements, but also because it allows us to communicate with the
GPS/GNSS receivers and to obtain information on the satellite position. The antenna also has a huge
role for the attitude using magnetic-torque, and for determination of its exact orbit.
The choice of the GPS antenna is actually the choice of the antenna’s reception lobe. This reception
lobe can be determined via modeling or the experimental tests. For this lobe several of the parameters
can be determined, one of them is the opening angle of receiver (antenna patterns). It is important to
note that the antenna has the same characteristics for transmitting and receiving waves, the only
difference is being that the antenna transmits the electromagnetic wave, but receives the electric
signal. (Ogrizovic, Vukan, 2007).

2.5 GPS-Radio Occultation Operating Principles
The question which is posed:
How the temperature profile could be obtained through this observation?
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Before going deep into a further theoretical discussion and GPS radio occultation assimilation, it is
important to review the various steps in the basic RO measurements and data processing.
Numbers of papers, experiments, and RO executions were done, and through their experience this
thesis will provide a summary of various strategies for GPS RO data processing.

2.5.1 Atmospheric Refraction
Radio Occultation could also be named as remote sensing of atmospheric refractivity from the space.
The atmospheric refraction comes in when the electromagnetic wave travels through the atmosphere,
and the straight line of wave propagation occurs due to the density variation of the air mass. The
atmospheric refractivity affects the phase and the amplitude of RW (Schreiner, Sokolovskiy, Rocken
and Hunt, 1999). It is theoretically explained by a simplified RO geometry Figure 20.
During the GPS occultation, the GPS receiver on the LEO orbit “catches” the GPS signal when the
GPS satellite sets behind, or rise from the Earth’s limb. At the moment when the signal slices the
atmosphere, the receiver on the LEO orbit observes the changes of signal delay caused by bending and
the descending the signal path. The reconstruction of the bending angle α and the vertical refractivity
profile at the ray tangent point are allowed by the change of the delay. The total bending angle as the
function of the asymptotic ray-miss distance a is actually the impact parameter. From this statement,
the effect of the atmosphere can be reviewed through the measurements of the phase and the amplitude
of the received signal (Schreiner et al., 1999),(Kuo, Sokolovskiy and Anthes, 2000). The bending
angle could be calculated by using the tangent point radius r and the asymptotic ray miss-distance,
which are obtained through the precise location of the tangent point(Fu et al., 2007).

Figure 20: Principle geometry of GPS Radio Occultation
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The elements presented in the Figure 20:
a – asymptotic ray miss-distance (ray impact parameters)
α - bending angle
r - tangent point radius
Note that the main element to calculate the bending angles from the phase is the accurate position of
the GPS and the LEO satellites. Once when the bending angel is calculated than it no longer depends
on the satellites’ positions, and it may be estimated with the geographical coordinates of the tangent
point and from azimuthal direction of the asymptotic ray for any given a (Schreiner et al., 1999).
The measure parameters of the radio waves which propagate through the atmosphere depend on
refracted index (n).
𝑐

𝑛=𝑣

2-3

The refracted index is presented as a ratio of the speed of light in a vacuum (c) to the speed of light in
the atmosphere (v). The value of the atmospheric refractivity (N) is very close to:

𝑁 = 106 (𝑛 − 1)

2-4

In the neutral atmosphere (above the menopause), the refractivity depends on the pressure (P), the
temperature (T) and the partial pressure of the water vapor (Pw) but not on the frequency but still
depends on the electron density (𝑛𝑒 ) and the frequency of the radio waves (f) in the ionosphere, too.
The refractivity equation is expressed through the form below (Jin, Cardellach and Xie, 2013):

𝑵 = 𝑫𝒓𝒚 𝑻𝒆𝒓𝒎 + 𝑾𝒆𝒕 𝑻𝒆𝒓𝒎 − 𝑰𝒐𝒏𝒐𝒔𝒑𝒉𝒆𝒓𝒊𝒄 𝑻𝒆𝒓𝒎 + (𝑺𝒄𝒂𝒕𝒕𝒆𝒓𝒊𝒏𝒈 𝑻𝒆𝒓𝒎)

2-5

Where,
Dry Term: dry neutral atmosphere 77.6
Wet Term: water vapor 3.73𝑥105

𝑃(ℎ𝑃𝑎)
𝑇(𝐾)

𝑃𝑤(ℎ𝑃𝑎)
𝑇 2 (𝐾)

Ionospheric Term: free electrons in the ionosphere 40.3𝑥106

𝑛𝑒 (𝑚−3 )
𝑓2 (𝐻𝑧)

Scattering Term: liquid water droplets and ice crystals 1.4𝑊𝑙𝑖𝑞𝑢𝑖𝑑 + 0.6𝑊𝑖𝑐𝑒
In the equation 2-5 refractivity (N) the dominate element is the hydrostatic component (Dry Term of
refractivity) and which dominates below 70 km of the atmosphere. The Wet Term (non-hydrostatic
components) becomes the important element in the middle and the lower troposphere. The ionospheric
Term dominates above 70 km of the neutral atmosphere.
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To determine the pressure and the temperature from the refractivity equation, it is inevitable to
eliminate the ionspheric and the Scattering Term using dual frequency and calibration. Vice-versa, for
calculations of the refractivity above the neutral atmosphere where the Wet and Dry Term are equal to
zero, the ionospeheric term becomes its main component. The scattering term is small compared to the
other terms, and is not included in most radio occultation applications because of that (Jin, Cardellach
and Xie, 2013).
In the ionosphere, the waves emitted by the GNSS are delayed and curved. However, this curvature
can be neglected because the refractivity of the ionosphere is small. The receiver collects two radial
velocity measurements ΔV1 and ΔV2 at two frequencies L1 and L2.

∆𝑉1 =

∆𝑉2 =

𝑑𝐷
𝑑𝑡

𝑑𝐷
𝑑𝑡

𝑛

𝑒
− 40.3𝑥106 𝑓(𝐿1)

𝑛

𝑒
− 40.3𝑥106 𝑓(𝐿2)

𝑑𝑇𝐸𝐶
𝑑𝑡

𝑑𝑇𝐸𝐶
𝑑𝑡

+

+

𝜏𝑎𝑡𝑚

2-6

𝑑𝑡

𝜏𝑎𝑡𝑚

2-7

𝑑𝑡

The radial distance D is known through the precise orbit determination (POD) after ground processing.
These two equations obtain two unknowns quantities: TEC (Total Electron Content), and the
atmospheric delay (𝜏𝑎𝑡𝑚 )(Yu et al., 2014).

2.5.2 Atmospheric Retrievals
The atmospheric retrievals involve two steps:
 First is calculating the bending angle α (a) using the SNR (Signal to Noise Ratio)
measurements and the excess phase.
 Second, the bending angle profile is inverted and offering data on the refractivity profile
including the pressure, the temperature and the wet profiles (Gleason, Scott, Gebre-Egziabher,
Demoz and Chi O. Ao, 2009).
One of the primary measurements of the radio occultation is the GPS signal time delay (Gleason,
Scott, Gebre-Egziabher, Demoz and Chi O. Ao, 2009).

𝑐

𝐿 = − 𝑓 ϕ=𝑟𝑡 +γ+𝑐𝑡 + 𝑐𝑟 + 𝜈

2-8

Where,
𝑐 – Speed of light in vacuum
𝑓- Carrier frequency
𝜙- Phase
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𝑟𝑡 - Range between transmitter and receiver in vacuum
𝛾- Additional delay due to ionosphere and atmosphere
𝑐𝑡 + 𝑐𝑟 - Transmitter and receiver clock errors
𝜈- Thermal noise and multipath
The next step in RO data processing is to extract the “excess phase delay”. It is possible to obtain the
excess phase delay value from the time delay equation in the way to calibrate the transmitter and the
receiver’s clock errors and their range ( 𝑟, 𝑐𝑡 + 𝑐𝑟 ). For better understanding Figure 21 shows that
concept, where the dashed line indicates the traditional double differencing technique in the case
where additional radio links are measured (Gleason, Scott, Gebre-Egziabher, Demoz and Chi O. Ao,
2009). The differential form of the excess phase delay is called the extra Doppler shift according to
(Jin, Cardellach and Xie, 2013)

𝐿𝐷 = (𝐿 − 𝐿𝐶𝐿 ) − (𝐿𝐶𝐺 − 𝐿𝑂𝐺 )

2-9

CL – link between calibrating transmitter and receiver
CG – link between calibrating transmitter and ground station
OG – link between occulting GPS and ground station

Figure 21: Geometrical configuration of GPS-RO
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2.5.3 Bending Angle Retrievals
For calculation of the bending angle some mathematical assumption are required. One of them is
respect of Spherical symmetry assumption along the ray path which is presented by the equation 2-10:

𝑛 = 𝑛(𝑟) → 𝑟𝑛 sin 𝜙 = 𝑐𝑡𝑎𝑛𝑡 = 𝑎

2-10

Where,
𝑛 is the index of refraction , 𝑟 is the radial direction, 𝜙 is the angle between the radial direction and the
ray path and 𝑎 is the impact parameter ( thus to Bouguer’s rule) (Cucurull, 2009).
According to Schreiner (Schreiner et al., 1997), the arrival time of the GPS signal to the LEO receiver
is delayed due to refraction of the bending angle and slowing of the signal. Generally, the LEO
receiver records the carrier phase change from the GPS to the LEO satellite links 50 times per second
with the precision of the millimeterorder of value. The phase changes for three reasons:
1) Relative motion of the GPS and the LEO satellites
2) GPS and LEO’s clocks drift
3) The refractive bending angle and velocity which are transformed into the neutral atmosphere
and the ionosphere
It is not complicate to solve these problems. The first problem could be solved with the POD of both
satellites (GPS and LEO). The second issue is resolved by double differencing the phase data from
both satellites with the synchronous ground GPS data. The third problem can be accounted down by
using “excess Doppler” method on the way to take the velocity and the position of the GPS and the
LEO satellites to calculate the bending angle. Derivation of the bending angle profiles can be
performed using the excess Doppler frequency. This procedure is effective except when the signal
passes through the wet, low troposphere, and when the vertical resolution is limited by the Fresnel
diameter Figure 24 from section 3.2.1.
This bending angle is in opposition to the impact parameter (the ray-miss distance) and can be inverted
with a mathematical model based on Abel nonlinear inversion through the bending angle data to
obtain the atmospheric/ionospheric refractivity profiles. The data which are observed have to respect
the mathematical spherically symmetric assumption.
Regarding Figure 20, the relation between the extra Doppler shift 𝑓𝑑 and the transmitter carrier
frequency 𝑓𝑇 at the receiver and the projection of the satellite velocities on the ray paths such as the
tangent velocities at the GPS and the LEO positions, is given by the equation 2-11 (Schreiner et al.,
1999):

𝑓𝑑 =

𝑓𝑇
𝑐

(→ + → + → + → )
𝑉𝑇

𝑘𝑇

𝑉𝑅

𝑘𝑅

2-11

Where,
→ → - the velocities vectors for the transmitter and the receiver
𝑉𝑇 ,𝑉𝑅

→ ,→ - the unit vectors related to the direction of the ray path at the receiver and the transmitter
𝑘𝑇 𝑘𝑅

𝑐 - the velocity of light in vacuum
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Looking through the geometry presented in Figure 20, and if we are including the high altitudes of the
receiver and the transmitter, than the refracted indexes (a) from both are equal (Jin, Cardellach and
Xie, 2013):

𝑎 = 𝑟𝑇 sin 𝜙𝑇 = 𝑟𝑅 sin 𝜙𝑅

2-12

And the bending angle (α) can be calculated through:

α=𝜙𝑇 + 𝜙𝑅 + 𝜃 − 𝜋

2-13

Where,
𝑟𝑅 , 𝑟𝑇 are distances from tangent point of the receiver and the transmitter from the center of local
curvature, respectively
𝜃 the angle between the transmitter and the receiver vectors
Particular bending angle profiles are limited by the measurement noise below 40 - 60 km of the
altitude. To solve this problem, with the measurements above the certain height, the “modeled”
bending angle taken from climatology replaces the bending angle profile. As the altitude decreases, the
modeled bending angle influence also decreases. The modeled data is not reliable from lower to
upward altitude so it is necessary to extrapolate them. The way to extrapolate them uses a linear
combination of the measurement and the model (e.g. exponential extrapolation of data for 40-50 km is
used to model the bending angle above that range) (Jin, Cardellach and Xie, 2013).

2.5.4 Ionosphere Retrieval
Removing the ionospheric contribution is necessary for the extraction of the neutral atmospheric
profiles. Using the difference between the L1 and L2 banding angle profiles is a “tool” for elimination
of the ionosphere from the natural atmosphere. The ionospheric calibration achieves good retrievals
only at the low altitude.
The excess phase measurements can be also used to profile the ionospheric electron density from the
ground to the orbit altitude. This can be calculated on two ways:
 The first method is to use the single frequency with double differencing (ground data and LEO
POD), to calculate the L1 or L2 excess ionosphereic phase data. Here the impact parameter
and the bending angle are calculated from the excess ionospheric Doppler on one frequency,
and after that, inverted by the Abel’s inversion (through the bending angle or through the total
electron content) to obtain the refraction index in opposition to the altitude.
 The second method is to use the dual frequency (L1 and L2) difference from the LEO phases
to remove the orbits and the clock errors and to acquire the calibrated ionospheric excess
phase.
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The single frequency’s advantage is that it provides more accurate results compared to dual when
antispoofing (A/S) is on. Also, the dual frequency method has its own advantages; it does not need to
request the LEO POD, the double differencing model, or to track the clock (Schreiner et al., 1997).
To obtain the accurate atmospheric products such as P (Pressure), T (Temperature) or 𝑃𝑤 (water
vapor) it is required to use liner Abel’s inversion through TEC with respect to spherical symmetric
atmospheric assumption.
The ionospheric terms for calculation of the electron density profile (𝒏𝒆 ) is taken from equation 2-5
which is presented below (Jin, Cardellach and Xie, 2013):
𝑓2

𝑛𝑒 = [1 − 𝑛] 40.3

2-14

Where, deviation of atmospheric profiles is addressing to refractive index 𝒏
In the ionosphere, TEC along a ray is related to 𝑛𝑒 , 𝑛 and the excess phase S by the following
equation (Jin, Cardellach and Xie, 2013):
𝑓2

𝑓2 𝑆

TEC = − 40.3𝑥1016 ∫(𝑛 − 1)𝑑𝑙 = − 40.3

2-15

Because the L1 and L2 signals propagate via different paths due to the dispersive characteristics of the
ionosphere, the TEC results are slightly different (Schreiner et al., 1999). To mitigate or to solve the
problem it is required to calculate TEC from the excess ionospheric delay S1 and S2 at two
frequencies, but only after removing the orbit and the clock errors during the calibration process.
In the F2 layer, the bending angle and the ray separation at the GPS frequency may be negligible due
to the small bending angles, than a straight –line propagation assumption has to be applied. TEC could
be calculated either from S1 or S2 or from S1-S2 up to how many frequencies are used (single or
dual)(Schreiner et al., 1999).
𝑆 𝑓2

𝑆 𝑓2

(𝑆1−𝑆2)𝑓 2 𝑓2

1
2
1 2
TEC = − 40.3
= − 40.3
= − 40.3 (𝑓2 −𝑓
2)
1

2-16

2

In the case of the single frequency data, the calculation for TEC is automatically canceled out from the
orbital motions by POD and the clock shift by double differencing or some similar method. Contrary
to the dual-frequency measurements, TEC could be calculated through the equation 2-16 where the
orbit and the clock error are automatically eliminated by the difference S1-S2.
From the spherical symmetric ionospheric assumption, the ionosphere contribution above the LEO can
be removed, and TEC can be calculated as an integral of the electron density between the GPS
transmitter the LEO receiver (Jin, Cardellach and Xie, 2013).

𝑟

𝑛𝑒 (𝑟)𝑟

0

√𝑟 2 −𝑟02

𝑇𝐸𝐶(𝑟0 ) = 2 ∫𝑟 𝐿𝐸𝑂

𝑑𝑟

2-17
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Applying the bending angles and the ionospheric retrievals into the refractivity equation 2-5,the
vertical profile in terms of the pressure, the temperature and the water vapor can be estimate. Those
steps are presented in the Figure 22 through flow chart as a summary of radio occultation data
processing.

𝑆1, 𝑆2

Raw measurements of phase and
amplitude of two signals L1 and L2

Clock correction and POD for GPS and LEO
(based on the precise position and velocity)

α1 ,α2

Bending angles for L1 adn L2

Abel inversion
through bending
angle

Ionospheric corrections

α

Neutral bending angle as a function
of impact parameter ɑ

Abel inversion
through TEC

Optimization of bending angles with use
of climatology at high altitudes

TEC

Total Electron Content

Reconstruction of vertical profile of
refractivity

N → P, T,
𝑃𝑤

Refractivity and atmospheric products:
P- Pressure
T- Temperature
𝑃𝑤 –Water vapor

Figure 22: Flow Chart: Summary of GPR RO data processing
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The aim of this introduction to GNSS-Radio Occultation was to provide an overview of the
GNSS-RO concept such as theory and application in weather monitoring.
Throughout this chapter the theoretical foundation and all basic knowledge required to better
understanding the GPS-RO technique was presented.
This was the first step in the exordium research process, and preparation for further focus on
the experimental methodology of GPS-RO which will be the main discussion in the next
chapter.
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PART 3- SENSITIVE ANALYZE OF RADIO
OCCULTATION PROCESSING MODELS

Working on the data processing which was collected during the CanX-2 flight and the other
missions, the most important thing is to find the method and the model that will best suit our
experiment QB50-GPS-RO.
The general theoretical part of the GPS radio occultation data process is presented in the
previous chapter, here the adapted RO theory will be applied on the CanX-2 model.
Through this chapter, the theoretical models for signal processing based on the limitations
and benefits of CanX-2-GPS-RO experiment will be presented. The proposed equations are
similar as theoretical but adapted to fit this experiment. The new smoothing technique is
involved. The optimal methods are tested on COSMIC raw code-minus-carrier data and then
compared to the corresponding collected COSMIC data. The result of the difference between
the modeled and the collected COSMIC data is used as a base for testing the accuracy of the
CanX-2 experiment.

3.1 THE CANX-2 MISSION OVERVIEW
3.2 CanX-2 MODEL AND WORKING PRINCIPLE PROCEDURE
3.2.1
Main Observables for CanX-2
3.2.2
Criteria and settings for CanX-2 evaluation
3.2.3
Optimization and Verification Procedures
3.3 ØRSTED MODEL AND MISSION OVERVIEW
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Intro
This chapter will be focused only on the modeled data obtained from the most relevant models which
suit our future experiment. Canadian advanced nanospace eXperiment 2 (CanX-2) models are
investigated in this process.
Before developing software to boost the sensitivity of signal reception for the QB50 experiment it is
mandatory to separate the work into two parts. The first part will be to obtain a theoretical
understanding of experience of the CanX-2 Nano Satellites experiment and the second part will be
dedicated to coding and the fundamentals of data processing for future flight of the QB50 mission.
This chapter shall draw upon the work presented by Michael Swab , Kyle O’keefe and Susan Skone in
their report “Single –frequency Ionospheric Profiles from the CanX-2 Nano-Satellite”, (Kahr, Erin et
al., 2011)

3.1 The CanX-2 Mission Overview
The University of Toronto has built and launched four nanosatellite missions, one of which was the
“triple-CubeSat” which included three experiments from three different Canadian Universities. The
CanX-2 experiment for Radio Occultation research was under the responsibility of University of
Calgary, the second experiment was ARGUS 1000 from York University dedicated for measuring
greenhouse gases and atmospheric pollution and the third one was ASME (Advanced Surface Material
Degradation Experiment) from the University of Toronto. It was launched in April 2008 from India,
following the sun-synchronous orbit, with the inclination of 98°, at 630 km and ascending nod of
10°30'(Kahr, Erin et al., 2011).
The CanX-2 GPS-RO experiment aims were to measure the concentration of the water vapor and the
electron density in the ionosphere and the troposphere during the flight mission. The GPS receiver was
designed so that at least four GPS satellites had to be above the atmosphere at the moment when the
occultation “phenomena” is going on. If the observed GPS satellite sets below the atmosphere, then
the position estimate degradation is impacted by the atmospheric effects. It is important that one of
four has to occult through the atmosphere which actually provides the atmospheric parameters of the
research. The most important fact is that the LEO-satellite (CanX-2) has to be positioned near the peak
of antenna’s gain pattern. This is because the L2 signals could be weakened or lost before the GPS
sets, depending on the atmospheric effects at the moment when the signal travels through the
ionosphere (see Figure 2). The CanX-2 GPS-RO experiment for occultation and position estimation
carries the single low-gain antenna with the pointing angle of 60° off zenith towards aft. (K.Sarda et
al., 2010).
Figure 23, (provided by the GPS occultation team from University of Calgary) shows plots of seven
observed GPS satellites from January 2010. All of them are above the atmosphere while two of them
occult during the CanX-2 mission. The green circle represents Earth, the violet is the antenna’s field of
view, and cyan is the upper–boundary of the atmosphere. On this plot, the GPS satellites are presented
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in the beginning when they are cached in red color and then their color change at a rate of 50 Hz
(K.Sarda et al., 2010).
The objective of the CanX-2 GPS-RO experiment was to show the ionospheric profiles using a COTS
(Commercial Off The Shelf) single frequency receiver. The CanX-2 GPS-RO antenna field of view is
not very well oriented, and for the same reason the quality of the signals received is poor. Due to that,
it is necessary to mitigate these errors using the code- minus-carrier (R-ϕ) observable and TEC
calibration. This chapter will present the solution to mitigate these errors.

Figure 23: CanX-2 GPS Radio Occultation Experiment

3.2 CanX-2 Model and Working Principle Procedure
3.2.1 Main Observables for CanX -2
The “excess phase” or the phase delay happens when the transmitted signals traverse the limb of the
Earth’s atmosphere. Using the excess phase, various properties of the troposphere can be estimated
such as the temperature, the pressure, the density of dry air (humidity), and also the electron density in
the ionosphere.
The Canx-2 research focused only on the electron density profile in the ionosphere because the RO
retrievals need the continuous and quality observation. The phase delay (excess phase) could be
converted to the electron density by inversion through TEC.
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As previously mentioned, the problems with the poor signal quality and the antenna’s field of view
were overcome using the code minus carrier observable and TEC calibration including some new
smoothing techniques.
The carrier phase (𝝓), equation 3-1 explained by (M.Swab, K.O’Keefe and S.Skone, 2012)

𝜙 = 𝜌 + 𝑑𝜌 + 𝑐𝑑𝑡 + 𝑐𝑑𝑇 + 𝜆𝑁 + 𝑡𝑟𝑜𝑝 − 𝑖𝑜𝑛𝑜 + 𝜉𝑚 + 𝜉 (𝑐𝑚) 3-1
Where geometric range (𝜌), combined orbital error of transmitter and receiver (𝑑𝜌), 𝑐𝑑𝑡 and 𝑐𝑑𝑇
receiver and transmitter clock error, the integer ambiguity term (𝜆𝑁), trop and iono are tropospheric
and ionospheric delay, respectively, and (𝜉𝑚 ) and (𝜉) are signal multipath and receiver noise which
are of the ~cm level.
Most parameters from equation 3-1 are already known or mitigated through the ephemerides like the
carrier and the clock errors. These kinds of errors are produced because of the same receiver for the
RO observation and for positioning. The other parameters may be eliminated by the differencing
techniques which are used between the receiver and the transmitter. Using only one receiver for the
position and radio occultation experiment requires a complex orientation for the antennas, with the
positioning antenna pointed towards the zenith, and the satellite-to–ground transmission antenna
pointed aft. These actions are a little bit complex and consume more time. To solve this kind of the
problem which was involved in the CanX-2 project from the beginning, it is possible to bypass using
the code phase ( R ) equation 3-2,

𝑅 = 𝜌 + 𝑑𝜌 + 𝑐𝑑𝑡 + 𝑐𝑑𝑇 + 𝑡𝑟𝑜𝑝 − 𝑖𝑜𝑛𝑜 + 𝜉𝑚,𝑅 + 𝜉𝑅 (𝑚)

3-2

It is interesting to note that the ionospheric delay for the code phase (R) is opposite in sign to the
carrier phase (𝜙) and also the signal multipath and the receiver noise are greater in units (~m (meter)
level) compared to the carrier phase which was in ~cm.
By subtracting the R- 𝜙, we will have, according to both equation 3-1 and 3-2, double ionospheric
delay, constant, noise and multipath at the ~m level.

𝑅 − 𝜙 = 2𝑖𝑜𝑛𝑜 + 𝐶𝑂𝑁𝑆𝑇𝐴𝑁𝑇 𝜉𝑚,𝑅,𝜙 + 𝜉𝑅,𝜙 (𝑚)

3-3

Using the specialized equipment or methods, such as long static sessions for collecting data, or
multiple antennas would be a convenient way to eliminate or at least mitigate the noise and the
multipath. Unfortunately, in the case of CanX- 2, and QB50 as well this equipment is not within the
initial project scope. The Code–Minus Carrier (R-ϕ) CONSTANT term will cancel out in the TEC
calibration process using the Appelon-Lassen theory for the ionospheric refractivity. Including the
Appelon-Lassen’s formula for the signals which bend, and ignoring the geomagnetic effects, then the
excess phase is linearly related to TEC (M.Swab, K.O’Keefe and S.Skone, 2012).
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𝑖𝑜𝑛𝑜 =

−40.3
𝑓2

𝑇𝐸𝐶

3-4

From where 𝑖𝑜𝑛𝑜 is equal to 𝑆1 from the equation 2-15.
The GPS occulting signal lying within the LEO’s plane provides the horizontal electron density. That
means, if the TEC are differenced on the both side of the arc plane, the calibrated results represent the
TEC along the signal path.
(Hajj, 2002) discusses about The Code–Minus Carrier Noise term. It is concluded there that the
excess phase is smoothed to the window corresponding to the time which is needed for the signal to
vertically cross the distance. This vertical distance corresponds to the vertical resolution which is
assumed to be the first Fresnel diameter. The cross section of the Fresnel zone depends on the
wavelength, the distance and the distribution of refractivity between the GPS transmitter and the
receiver figure 24. For the CanX-2 experiment, the data is not smoothed in the same way due to the
poor signal quality. The values obtained give the Fresnel zone diameter of ~1.5 km, and an average of
the vertical signal velocity of ~1.4 km which results in the ~1 second of the smoothing window and
what is not enough for 1 Hz CanX-2 data to be smoothed. Even for COSMIC raw and final data, as
well as better configurations (receiver and antenna) the smoothing is still required (M. Swab, et al.
2012).

Figure 24: Fresnel zone
Credit: Formatsat-3/COSMIC
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This value is comparable to the COSMIC vertical electron density profile where the final results are
less than CanX-2, so a conclusion is that even for the low cost build receiver such is CanX-2 the
smoothing is still required (M. Swab, et al. 2012).

3.2.2

Criteria and Settings for CanX-2’s evaluation

The Kalman filter, Bandpass filter, Moving Average filter and Polynomial filter are the parts of
methods which are proposed as options for single frequency excess phase smoothing. Each of those
smooth sections needs validation. For the CanX-2 mission evaluation of the Polynomial method was
chosen, which is explained in detail in (Hajj, 2002). For CanX-2 another method of smoothing through
polynomial filter was used, which divided data into the segments and afterwards fit a curve to each
segment. The electron density profiles were compared to the profiles from the excess phase data;
therefore with this comparison (or “truth”) the single frequency smoothing method was validated. The
“truth” data hereafter will be referred to the optimal excess phase curve (code minus carrier). This
curve presents all possible extractions of the ionospheric signal while minimalize all unwanted effects
(M. Swab, et al. 2012).

Criteria:
Before most of the observed occultations are optimized, it is required first to check several criteria.
 First of all, the satellite geometry has to be temperate on the high accuracy level during all the
occultation events.
 Second, the occulting satellite has to be in view for at least 18 minutes, which is needed to
calibrate TEC in a way that the TEC measurements from the rising side are subtracted from
setting side during the occultation event.
 Third criterion refers to that the occulting satellite has to be viewed on minimum of two
receiver channels. This criterion is used to resolve the ionspheric features. Using the same
ionosphere, signal “caught” by two channels is differenced from random receiver noise
 Forth criterion is dedicated to the L2 data which have to be useable for a consequential portion
of the occultation. The operable L2 data are accessible down around 350 km altitude. But as in
ionosphere the signal propagation is dependent on the frequency, it is more favorable to use
multiple frequencies whenever is that achievable.

Settings:
The CanX-2 data collection was guided for the three main settings explained below:
 The observation session of 40 minutes-(The CanX-2 satellite stayed longer in the space that its
life time was planned in the beginning, what actually offered the possibility to observe
multiple occultation )
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1 Hz logging rate is required for the 40 minutes observation window and due to limited
memory storage onboard. Through these parameters CanX-2 data are optimized to COSMIC
row data sets.
Antenna aft pointing angle of 60° off zenith

Optimal Curve Criteria Used for “truth” Data
See below four curve criteria proposed:
1) The approximately zero-mean white noise is presented through subscripts R − ϕ equation 35. In the results, the multipath as the systematic effects will be present. The same as in the test
against this criterion which can detect over-smoothing of the data but not easily detecting
under-smoothing.

(R L1 − ϕL1 ) − (R L1 − ϕL1 )smooth ≈ 𝐙𝐞𝐫𝐨 𝐌𝐞𝐚𝐧 𝐖𝐡𝐢𝐭𝐞 𝐍𝐨𝐢𝐬𝐞

3-5

2) Through equation 3-6 the test against this criterion can detect data from one or both channels
that are smoothed little or too much.

(R L1 − ϕL1 )smooth,chan1 − (R L1 − ϕL1 )smooth,chan2 ≈ 𝐂𝐎𝐍𝐒𝐓𝐀𝐍𝐓

3-6

3) Using the optimization procedure from equation 3-7 virtually eliminates the previous criterion.
Equation 3.113 is based on the Appleton-Lassen formula of the refractive index and it
supposes the straight line signal propagation. In the case of CanX-2, the L2 data is never
available below the F2 layers so according to that, this criterion can be used. The test against
this criteria shows the same conclusions as the approximately zero mean white noise does.

(ϕL1 − ϕL2 ) 2
f

f2L2

2
L2 −fL1

−

(RL1 − ϕL1 )smooth
2

≈ 𝐜𝐦 𝐥𝐞𝐯𝐞𝐥 𝐧𝐨𝐢𝐜𝐞 + 𝐂𝐎𝐍𝐒𝐓𝐀𝐍𝐓

3-7

4) No significant discontinuities in the optimal curve. That means in the ionosphere, there are no
participant discontinuities of the electron density.

3.2.3

Optimization and Verification Procedures

Optimization procedure:
The term optimization means the smoothing of the raw code minus carrier data as far as they as it
corresponds to the true ionospheric signal. To evaluate the signal frequency smoothing methods the
inversed resultant curve is used to generate the ionospheric electron density profile. The target is to
capture as many as possible ionospheric characteristics by rejecting the noise and the multipath on the
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way to dividing and subdividing the raw data and to fit the polynomial curves to each segment. Those
ionospheric characteristics, also called “features”, are defined as the smooth curve between two
inflection points, as presented in Figure 25 provided by (M.Swab, K.O’Keefe and S.Skone, 2012).

Figure 25: Definition of an ionospheric “feature”

To optimize this procedure it’s mandatory to follow several steps one after another.
In the first step, the shape of the curve is captured and at that point the raw data is bisected and over
smoothed.
The second step is dedicated to the third curve criterion (which is mentioned equation 3-7) and it
works in the case when both frequencies are available. As the result of this procedure step, all
ionospheric features are visible on both receiver channels.
The third step is devoted for the cases when only one frequency is available. For this case, the first
curve criterion is applied to the data that has already been subdivided and bisected from the first
optimization procedure.
The data obtained from the second and the third steps consist of three particular frequencies:
 Highest frequency – supposed to be the receiver noise
 Middle frequency – supposed to be the carrier or the code multipath
 Lower frequency – supposed to be the preferred ionospheric signal
The forth step is actually opposite of second curve criterion for the reason to secure that the result
between both smoothed data on both channels are constant
Last fifth step is theoretically against to first three curve criteria, what means that this step is removing
any residual incoherence between the segments and the interpolated area.
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Validation of the proposed optimization procedure
To confirm the accurate capability of the CanX-2 for RO experiments it is requested to propose one
confident test model. The COSMIC raw and final data were chosen.
The proposed above optimization procedures have to be compared to the raw COSMIC code-minuscarrier and final COSMIC profiles. If the difference between the COSMIC profiles is under the
105 el/cm3 than the verification process for it is assumed valid and the model can be applied to
CanX-2.

Process:
First data is smoothed, then the smoothed data is inverted according to the altitude to create the
electric density profile, and these results are compared to matching the COSMIC profile.
During the verification process it is not possible to pass through all four curve criteria and five
optimizing steps. Due to the fact that COSMIC raw data is not available on dual channels, criteria 2
and step 4 are not applied in this process. One other issue is of note, that the dual channel frequency
method for COSMIC data is used only above 350 km due to the unavailability of L2 for CanX-2
below 350 km.
One proposed exemplar for validation of the optimization procedure done by CanX-2 is presented
below in Figure 26, provided by (M.Swab, K.O’Keefe and S.Skone, 2012). It used raw COSMIC data
Set 1 from May 2010 (SV24Occulting).

Figure 26: COSMIC test results
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The results obtained from the difference between the raw and the COSMIC final products, which are
calculated only for the values below to 350 km, are satisfied. The magnitude and the heights of the
maximum electron density come over with differences of 3.84x104 el/cm3 and 13.9 km respectively.
The optimization and inversion of the corresponding COSMIC model have been validated and tested
on the CanX-2 data with satisfied results as well.
CanX-2 model is used as one of the examples for QB-50 possible coding methods for data processing.
The algorithms made for it, is explained in next chapter in section 4.3, using CHAMP collected data as
a modeled assimilate data for future fly single- frequency mission.

3.3 Ørsted Model and Mission Overview
The Ørsted is a Danish satellite used for radio occultation measurements in the begining of 2000. On
the board, he carried the TurboRouge GPS receiver for the RO measurements, which have been
processed, using the single frequency. The results obtained were validated against the results provided
by ECMWF (European Centre for Medium Range Weather forecast). The mean difference of modeled
and obtained retrievals is impacted above 60 km of altitude, where ionosphere become more
dominates, and which actually degraded the results accuracy. This single frequency model is later on,
compared to GPS/MET, dual frequency model, where is concluded that by the lack of L2
measurements. The accuracy of the atmospheric retrievals are reduced on the Ørsted profiles (Georg,
Per, Jakob and Martin, 2001).
Through this experiment, is confirmed that by the lack of L2, the accuracy of single frequency
measurements is limited by high frequency ionosphere residual noise, which could be eliminated in
the case of dual frequency observation. But on the other side, single frequency has potential to provide
TEC via combination L1 and C1 data with accepted level of accuracy. The potential where actually
single frequency can be used, is in the case where the subset of the L2 tracking data from dual
frequency mission has failed (Georg, Stig, Per and Martin, 2005).

This chapter presented in detail the CanX-2 Radio Occultation mission and the models it used
for single frequency ionospheric profiles.
Using these models we can approximate single frequency ionospheric profiles for QB50 –RO
mission and understand atmospheric behavior on the different levels.
Here is also discussed about other, single frequency model (Ørsted), and its results and
conclusions discovered durring the flight mission experience.
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PART 4 –QB50 MISSION AND RADIO
OCCULTATION EXPERIMENT

In this chapter the main goals and motivation of QB50 mission will be presented. The features
of the instrumentation used and the signal processing algorithm will be described.
The comparison between potential experimental and assimilation strategy will be
theoretically detailed using the data from CHAMP mission and other exemplars.

4.1 QB50 MISSION
4.2 QB50 GPS-RO EXPERIMENT
4.3 THEORETICAL COMPARISON: EXPERIMENTAL MEASUREMENTS WITH
MODELED DATA (INCLUDING COMPUTING CODE)
4.3.1
4.3.2
4.3.3
4.3.4

Assimilation Strategy for RO Single Frequency Model Using CHAMP Raw Data
Tools and Data Formats Used in Preparing and Processing The Data
A Priori Analysis of The Raw GPS Data
Calculation the RO products
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4.1 QB50 Mission
The QB50 mission is the network of 50 CubeSats which are planned to be launched together in early
2016. The mission lifetime is estimated to be approximately three months. The budget secured from
University of New South Wales (UNSW) is around $6M for research and educational field and for this
propose the Australian Center for Space Engineering Research (ACSER) is established. The double or
triple CubeSats carry mix of different atmospheric experiments. The UNSW will be involved in this
mission with four experimental objectives.
1) UNSW Namuru Space GPS: This experiment is made for testing the new Namuru GPS board to
provide the capability for positioning and ability in orbit. It is also made to carry out the radio
occultation experiment.
2) NICTA seL4 Computer: This experiment’s objective is to use the seL4 operating system ADCS
system operation and to monitor the possible errors of the system in the radiation environment.
3) UNSW Rapid prototyped satellite structure: the objective of this experiment is to demonstrate this
prototyped structure in the space environment.
4) RUSH: Rapid recovery from SEUs in reconfigurable hardware: The objectives of this experiment
are to demonstrate and validate rapid recovering from SEU (Single Event Upsets) in
reconfigurable hardware, and also to map SEU occurrences in the thermosphere (ACSER - QB50,
2015).

4.2 QB50 GPS RO-Experiment
Before discussing further of strategy for the assimilation of the ionospheric profiles, it is important to
review the missions that already performed the radio occultation observation, and to follow the
proposed theoretical steps from the CAN-X2 mission.
For the QB50-GPS-RO experiment, the hardware and the software requirements are demanded. As the
hardware requirement, it is needed to point the space craft to align the antenna through the limb. It is
demanded to develop two software packages, one to boost the sensitivity of the signal reception and
the other one to run the experiment. The technical information of the payload, the receivers and the
QB50 design will not be discussed in this report. The main point will be focused on pre-processing the
data and overviewing the results in order that the computing code is ready to calculate the TEC
profiles before the QB50’s mission.
Data pre- processing is the required step for the final data analysis. In this study the CHAMP data was
used, which was collected during the 2008, and represents millions of measurements. For the effective
analysis of information, this large database is available in the form of RINEX file, with the data
prepared for automated processing, in order to obtain the requested results. Though the COSMIC has
better vertical resolution of 100 meters, to deal with different but similar opportunity, it’s decided to
play with CHAMP which has been activated on around 300 meters on altitude what for our experiment
does not present any problem.
The end of CHAMP mission was on the 19th of September 2010 after 58277 orbits and collected
millions of RO measurements (Reigber, 2002).
44
ISU MSS 2015 Danijela Ignjatovic Stupar

QB50 GNSS Radio Occultation

4.3 Theoretical Comparison of Modeled Data Including Computing Code
Before an attempt with the best methods for assimilating the GPS radio occultation model for QB50
mission, the huge literature research in the field of remote sensing radio occultation working principles
has been done. The main interest of research was to understand how to calculate the TEC and its
elements.
It was very hard in the beginning to understand which mission suits our case better, but in the end,
after few comparisons it is concluded that for any active (such as FORMASAT-3/COSMIC, GRACEA, TerraSAR-X ... etc.) or already concluded missions (like CHAMP, GPS/MET…) the theoretical
geometry is the same and the output data gives similar atmospheric products. Only what has to be
considered as important inputs in the research are the altitude, the receiver, and the antenna of future
LEO satellite.

4.3.1 Assimilation Strategy for RO Single Frequency Model using CHAMP
Raw Data
In this section I will describe the algorithms for inverting the ionospheric RO data using
MatLab/Octave/Python for Windows and UN*X equally. The DRINEX is given name for computed
model.
The procedure of calculating the atmosphere parameters was performed using two different tools. For
the a priori analysis of the raw data, I have developed the script written in Python. Further data
processing was performed in the Octave tools, available from (Gleason, Scott, Gebre-Egziabher,
Demoz and Chi O. Ao, 2009)
The inversion is based on the assumption of the local spherical symmetry and the linear Abel inversion
through TEC. Looking through CanX-2 as an example it is decided to create the code which will
approximately offer the satisfactory results for the atmospheric products.
Therefore, in order to assure the proper function of the code, the proposed methods from the previous
chapters are tested on raw CHAMP code minus carrier. A large amount of CHAMP data were
recorded, but for this test, I will use only important values in order to check if data was recorded
correctly and if anomalies occurred.

4.3.2

Tools And Data Formats Used In Preparing And Processing The Data

RINEX (Receiver Independent Exchange) format is used for data exchange of GPS measurements
from different manufacturers, which is designed by Astronomical Institute in Bern, for the purposes of
processing the GPS measurements in EUREF (European Reference Frame) campaign in 1989. There
were a hundred receivers from four different manufacturers involved in the campaign. All these
measurements should be processed in one program, so that is devised to RINEX as the ASCII format
for storing the minimum set of required data, such as code and phase measurements, with some more
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supporting information. First RINEX version allowed the access only to a minimum set of GPS data,
needed for processing the measurements in the EUREF campaign. After that, RINEX evolved through
its versions 2.xx, to the current version 3.02. During that period, a support for new datasets is added.
Nowadays, RINEX supports all GNSS data, with their extended datasets.
RINEX is implemented through a set of ASCII files, easy readable in each text editor. The format is
FORTRAN-like, which is a heritage of the time when the format is presented. However, such good
definition of the provided data makes the reading and processing GPS data quite easy. The RINEX
comprises three file types: observation data (*.XXo), navigation message (*.XXn), and meteorological
data (*.XXm). The observation data file contains the measurements performed by the GNSS. The
content of the navigation message file is related to the ephemeris of the satellites involved in the data
creation, while the meteorological data file is used for storing the measurements of the meteorological
quantities, such as, pressure, temperature, relative humidity, etc.
While the meteorological data file is optional, the data processing of the raw GNSS data is not
possible without the observation data file and the navigation message file. The navigation file is
usually created together with the observation file by the GNSS manufacturer's utility for the
conversion from its native binary format to RINEX. However, if, for any reason, the navigation file is
not available with the observation file, it can be downloaded from various public services. The
evolution of RINEX to version 3 introduced new data types to RINEX, following the development of
new GNSSs. A detailed description of RINEX v3.02 is available in the official RINEX specification
(igscb.jpl.nasa.gov:/igscb/data/format/, 2015).
PYTHON is the object-oriented programming language, available for free (it is open-sourced) for all
major operating systems. With python, the user can develop anything from the snippets of the code to
complex, visual or web oriented applications. It comes with a huge library of various functions,
modules, and the classes. It can use the modules compiled in other programming languages, such as C.
C++, or Java, and can be incorporated, at the module level, in other frontend applications. It supports a
large set of variable types and offers plenty of functions for manipulating the extended variable types,
such as lists, tuples, or classes. The name of the language came after Monty Python's Flying Circus,
the famous surrealistic show broadcast in '70s and '80 in UK. I have used python v3.2 in my thesis.
NUMPY is a library (or, package in the sense of python language) which contains all basic operations
used for the scientific purposes. The main features of the package include: manipulating tools for the
N-dimensional objects, linear algebra, Fourier transformations, and random number capabilities. The
side-effect of this functionality is the possibility to use numpy for fast integration with the database
systems. Here I used numpy mainly for calculation of the moving average, but in the future, during the
further development of the utility for RO, some other functions will be used for the data processing
and data extraction. Numpy is installed by downloading the package from the Sourceforge repository,
extracting the archive, and running the setup.py script from the python command line. It is included in
other scripts like each other python module (Numpy and Scipy Documentation — Numpy and Scipy
documentation, 2015).
GNUPLOT is a command line utility, created in 1986, primarily intended to visualize the
mathematical functions. It is the multiplatform software package, available for most of the operating
systems (OS): UN*X/Linux, OSX, Windows, and many others. It is open-sourced, and therefore free
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to use both for commercial and non-commercial applications. It can be downloaded and installed using
the already prepared installers for the supporting OSs, but also it can be downloaded in the source
form and compiled by the user itself, in the case of some not widely used OS.
Since GNUPLOT is the command utility, it can be utilized in the interactive or the batch regime.
Starting GNUPLOT from the command shell (or command line window in Windows) enters the
gnuplot command environment, where the user can enter GNUPLOT commands and plot the graphs.
Moreover, the user can prepare the GNUPLOT script and save it to the ASCII file. If the file name of
the script is entered in the command shell after the gnuplot command, then the script will be executed
and the user will be returned to the command shell. The output of the GNUPLOT script should be a
figure, which can be displayed on the interactive screen terminals, directly transferred to a plotter, or
exported to a bitmap file. All commonly used bitmap formats are supported. Since GNUPLOT is
open-source and also well documented (helping you with gnuplot, 2015) it is straightforward to add
the support for some other file format or device.
The application of GNUPLOT expanded from its beginnings, due to new functionality added by the
developers of the program. Now, GNUPLOT supports 2D and 3D plots, drawing of all main geometric
entities (points, lines, contours, boxes, surfaces, vector fields. The figures are easy to explain with
various text attributes, which can be customized in many ways, to satisfy the needs of the particular
application. Throughout my thesis I have used GNUPLOT v5.0 patch level 1.
GNU OCTAVE is the interactive language, interpreted like python, with a dedicated set of numerical
computation functions. It is used by the scientists to solve various kinds of linear and non-linear
problems, as well as other numerical experiments. In the past, GNU Octave has used the GNUPLOT
drawing engine, which is a powerful graphic module. The recent versions of the software offer the
new feature, not relying on the gnuplot, but on OpenGL. Both graphic engines are available, which
makes GNU Octave a powerful tool for creation of the complex scientific graphs. GNU Octave is used
to process the scripts for processing of the RO data, provided in (Gleason, Scott, Gebre-Egziabher,
Demoz and Chi O. Ao, 2009).

IMAGEMAGICK is a set of mostly command line utilities for creating, editing, composing,
or converting the bitmap images. Imagemagick is a well-known software suite for UN*X
platforms, although it is available on many platforms, including Windows
(http://www.iimagemagick.org)

4.3.3

A Priori Analysis Of The Raw GPS Data

To accomplish the pre-processing of the GPS data, to check their quality and perform some initial tests
required for further processing, I have prepared the utility written in Python. The complete distribution
of the utility drinex comprises several files:


dfunctions.py: some constants and functions used in the utility, or planned to use in the

further development of the software
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rinex.py: the definition and implementation of the drinex class

ro: sh shell script for running the ro.py script in UN*X environments. It is not necessary for
the program implementation, but helps in the sense that the user does not need to enter a lot of
input parameters on the command line, but rather to prepare them within this script
ro.bat : the same as ro, but adapted for Windows command prompt
ro.gp : the script for plotting the figures in GNUPLOT
ro.py: the main program for the raw GPS data analysis.

The core of the Python code is based on the file rinex.py, which implements the class drinex. This
class can, in this phase of development, to read and manipulate with the main data available in the
RINEX observation file (*.XXo). In this phase of the class development, only those features needed
for the purpose of this thesis are covered. However, it can be extended with other necessary
capabilities in the future, without compromising the already existing code.
The class contains definitions of all possible variables that can appear in the RINEX header. The class
imports only one module, datetime, in order to process the date/time fields correctly end efficiently.
The processing of the RINEX observation data file is performed by reading, line after line, the whole
header of the file. The header lines come at the beginning of the RINEX file and contain the data in
the first 60 columns. There is a number of possible header lines. Some of them are mandatory, and
others are optional. It means that the length of the header varies. In order to make the processing
easier, the designers of RINEX introduced the header line descriptions, acting as the comments to all
header lines. From 61st to 80th column there is a comment in each header row, describing the row's
data. The last line of the header block in the line with 60 blanks, and the comment "END OF
HEADER", which tells the processing software that the header is over and the observation blocks start
afterwards.
The class itself contains many functions used for internal data processing. The main functions, used
outside the class, are:
getRegistrationInterval This function reads the header line INTERVAL and returns the value in
seconds. This is used for preparing the figures, in order to divide the x axis correctly
getContinualSegmentsCount(observation_type, SV) This function returns the continual
measurement segments for the particular observation type and the specified satellite vehicle (SV). It
creates a list of measurement arrays, including the beginning and the ending epoch for each of them.
The list is written to the terminal and the user is select the segment that would be processed further,
mainly for creating the figures with the analyzed characteristics of the GPS raw data. After choosing
the number of the segment, the program proceeds the processing with the selected subset of the
measurement data.
getObservations(observation_type, SV) returns the selected measurements array for given
observation type and SV.
strip(obs, fromEpoch, toEpoch) strips the observation array obtained by getObservedObservations,
according to the timeframe selected from the list of continual segments that
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getContinualSegmentsCount created. After this function, the program knows which part of the
observation file should process, which observation type is selected, and which SV will be used.
Other class methods are used internally, supporting these exposed ones. The main program, ro.py,
uses extensively the properties and the methods of the drinex class. It is, more or less, a procedure-like
program, having one entry and one exit point, with no menus or event driven capabilities, which are
not necessary in this stage of the program development. The functionalities of the utility are
customized by entering the command line input parameters, which can be, if needed, supported by, for
example, ncurses (Announcing ncurses 6.0 - GNU Project - Free Software Foundation (FSF), 2015),
available on : http://www.gnu.org/software/ncurses library, to add the look and feel of the event
driven program. Ncurses is primarily developed for the UN*X environments, but it works also under
Cygwin and MinGW, which are available for Windows.
ro.py accepts a set of command-line arguments for its work. The supported arguments are:






-h: This arguments tells the program to write the list of possible input parameters
-o: observation_file: sets the observation data file to be processed
-n: navigation_file: sets the navigation message file (this option will be implemented in the
future, when the methods needing this file type are written)
-m: smoothing_window: the smoothing parameter for the moving average function
-v: verbose. If invoked, the program displays some extra control data to the terminal window

To summarize the software needed for ro.py to run, here is the list, both for Windows, and for UN*X
systems:
1) For Windows:
 Python 2.7 (http://www.python.org)
 modul numpy (to be installed from Python command line environment or IDLE)
 gnuplot (http://www.gnuplot.info)

2) For UN*X
 Python 2.7 (http://www.python.org)
 modul numpy (if available as a binary distribution, can be installed directly from a dedicated
packages repository)
 gnuplot (http://www.gnuplot.info)
 ImageMagick (http://www.imagemagick.org)

A priori data processing was performed with several RINEX observation files, and here I will present,
as the example, the results for a CHAMP mission. The analysis of the raw GPS measurement data was
performed on the file:
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cham0010.08o : CHAMP RINEX ( Data are downloaded directly from : CDAAC Data Analysis

and Archive Center (CDAAC: COSMIC Data Analysis and Archive Center - Data Products,
2015) (http://cdaac-www.cosmic.ucar.edu/cdaac/products.html)
The program ro.py creates two ASCII files:




ro.data: This is a TAB separated table, with 5 colums:
o epoch in [s] starting from 0 for the processed segment
o Code - carrier on L1 (R1 - C1)
o (R1 - C1) smoothed
o (R1 - C1) - (R1 - C1) smoothed
o (C1 - C2) * scale - (R1 - C1) smoothed / 2
autorr.data
o epoch in [s]
o autocorrelation value for the specified epoch

Those two files, ro.data and autocorr.data serve as the input files for the GNUPLOT script, ro.gp:
1
2
3
4
5
6
7
8
9
10
11

set output "ro.png"
set term png size 1000,2000
set multiplot layout 3,1
#
set title "R1-C1"
plot "ro.data" using 1:2 title "R1-C1" with lines, "ro.data" using 1:3 title
"(R1-C1)smoothed" with lines
set title "(R1-C1) - (R1-C1)smoothed"
plot "ro.data" using 1:4 title "(R1-C1) - (R1-C1)smoothed" with lines
#
set title "Autocorrelation of (R1-C1)-(R1-C1)smoothed"
plot "autocorr.data" using 1:2 title "Autocorrelation" with lines

The numbers are not the parts of the script, there are included for the explanatory purposes. After
defining the filename of the output bitmap image (line 1) and determining the file format (png) and
size of the image (the line 2), we tell the program to place three figures, one below the other (the line
3). The line 4 is the comment, and is included to make the code more readable. The line 5 sets the title
of the first image, which will be plotted in the line 6. The second figure's title is given in the line 7,
and plotted in the line 8. The same is repeated for the third image, within the lines 10 and 11. The
result is the image ro.png, with three images.
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Figure 27: (Code-carrier on L1) and smoothed values

Figure 27 displays the difference code-carrier on L1 and their smoothed values. The x axis is
expressed in seconds, in the way that the first epoch gets the value 0. So, this is not the absolute time,
but rather the relative time marker within the selected segment from the raw observation data file. Two
lines are expressed in meters, where the red one is the raw difference, and the green the smoothed one.
The difference between two lines is graphically represented in the next figure.

Figure 28: (Code –carrier on L1)-(Code –carrier on L1)smoothed values
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As one can notice from the Figure 28, the difference between the raw difference and its smoothed
value does not exceed 0.2 m in absolute value, which proves the level of smoothing, which falls into
the requested interval. If the smoothing was bad, the smoothing window could be changed, by altering
the -m command line argument of the ro.py utility.

Figure 29: Autocorrelation of the difference between code-carrier and the smoothed values

Autocorrelation of the difference between the raw and the smoothed data is depicted in Figure 29. As a
proof of correctness is the fact that the largest values are grouped around zero epoch, and the values
drastically decrease when going left and right of the zero value.

This code can be applied to the post process data, which will be collected during the future QB50
experiment. It is important to note, that this code has a possibility to be remodeled and adapt to the any
request which is relate to the atmospheric profiles obtained by GPS single frequency receiver.
Full code is available in the Appendix of this report.

4.3.4

Calculating the RO products

As a second example, in this section will be present code which is already made by (Gleason, Scott,
Gebre-Egziabher, Demoz and Chi O. Ao, 2009) with difference that this code has to be redesigned for
the further observation for the single frequency receiver.
In the base this code is made for dual frequency receiver, here I just wanted to show other possibility
how radio occultation atmospheric profiles can be present in the cases if the LEO satellite carry two
antennas, and how RO receiver works on dual frequencies.
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For the purpose of testing the possible models for the RO products model calculation, I used the model
given in (Gleason, Scott, Gebre-Egziabher, Demoz and Chi O. Ao, 2009), together with the code
written in Octave. The supporting code uses GENESIS format which contain of two separate sections:
1. metadata and
2. quasi-tabular numerical data.
As a final radio occultation data set are available on the Level 2 products:
* Level 0: Raw GPS data Including GPS data for orbit determination (in RINEX format)
* Level 1A: Atmospheric phase delay and signal amplitude
* Level 1B: Atmospheric Doppler shift and bending angle
* Level 2: Atmospheric refractivity, temperature, pressure, water vapor, pressure profiles, and
comparisons to weather analysis and radiosondes.

The test data was processed with the provided Octave code. Since the measurements of CHAMP
mission was used, the test code calculates on both L1 and L2 frequencies.

Figure 30: Impact parameter height in the function of the bending angle

Figure 30 shows the changes in the impact parameter height with the change of the bending angle.
Figure depicts this characteristic for both L1 and L2 carrier, as well as for the calculated neutral
bending.
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Figure 31: Signal to noise ratio

The characteristic of the SNR on L1 and L2 through time is clearly shown in Figure 31. Although
there is a larger noise on L1 carrier, the absolute values are larger comparing to L2.

Figure 32: Dependence of the pressure in the function of the tangent height
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Figure 33: Dependence of the temperature in the function of the tangent height

The important characteristic of the atmospheric conditions (pressure and temperature) are shown in
Figure 32 and Figure 33, and how they change according to the altitude.

Figure 34: Refractivity

In Figure 34 is shown refractivity derived Abel inversion of the bending angle, where bending angle
above 40-60 km has to be modeled (replaced) by bending angle obtained from a climatology like
MSIS.
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Figure 35: Refractivity difference from dual and single frequency models
Due to lack of time I couldn’t go further into the redesigning proposed code, I just tried to check if we
ignore L2 frequency, what will be produced as a results. However, for the refractivity, I was playing
with single and dual frequency. Conclusion from Figure 35, for single and dual frequency comparison,
is pointed that refractivity does not change significantly for both cases.

This chapter introduced QB50 mission and its motivation, goals and flight. It was presented
code DRINEX made for QB50 post processing data set, which is made on the experimental
CanX-2 model. Also was mentioned other example which does not fit QB50 experiment, for a
moment, but with a possibility to be redesigned for single frequency receiver.
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PART 5 – CONCLUSIONS AND FUTURE WORK

5.1 CONCLUSION
5.2 FUTURE WORK
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5.1 Conclusion
The work presented in this thesis is an integral part of QB50 project. Thus, a global evaluation of this
work cannot be done in a separate context from the final end of the mission. Since this thesis was the
first stage of the QB50-RO mission it was proposed to adopt simple hypotheses concerning the
atmospheric environment, and the theoretical cases of targets.
Throughout this thesis the possibilities and opportunities of this relatively new method of remote
sensing application were presented. The objective was to put together the methodology, the theory,
and the application of the GPS-RO concept and to consider the advantages and disadvantages of the
CanX-2 RO and Ørsted missions with a possibility to implement a similar technique in the QB50-RO
mission.
As an example, the CanX-2 experience was used, and due to that a similar code for QB50 has been
made. The developed algorithms are based on radio occultation theory and the correlation function of
the collected data during the CHAMP mission. However, the real data from the CHAMP mission is
provided, so as an adapted solution are proposed in the case the real data from QB50 will come.
Through the CanX-2 experiment and same for Ørsted mission, the data analysis and conclusions are
similar. Both satellites had the technical constraints which had an impact on the quality of the RO
measurements. On the board, it was one low antenna gain used for GPS radio occultation
measurements and for attitude control. Due to the position of antenna, only a small level of quality
data was collected which decreases the accuracy of final result. The lack of L2, the satisfactory results
of the neutral atmosphere and the ionosphere are not on the high level, they are acceptable but not
perfect as dual frequency receiver can offer. But on the other side, single frequency has a potential to
provide TEC via combination of L1 and C1 data with an accepted level of accuracy. The potential
where actually a single frequency can be used is in the case where the subset of the L2 tracking data
from dual frequency mission has failed.
Due to the lack of time and failed communication with CanX-2 team, it was very hard to achieve the
goal of this thesis. Finally, the first steps have been done; the code has been made and is ready for
further experimentation. What has not been covered through this research and is recommended to be
done is to work on the accuracy and precise analysis of measurement errors. That can be only possible
to do during and after QB-50 RO data are collected.
The launch delays of QB50 leave the final conclusion of capability and accuracy of RO receiver. It is
important to note that the QB50 mission has faced several launch delays. With that issue, data analysis
has not been done, as it has been already scheduled in the Gantt chart (proposed through Master thesis
project plan). The launch of QB50 was originally proposed for 2015, currently, that launch is
postponed not before the beginning of 2016.
The above references can be considered as good sources for further discussion of GPS radio
occultation and for its comprehensive error analyzes which has not been covered through this thesis.
That is an important topic for understanding the disadvantages of the current missions and for future
mitigation of the present errors.
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It is significant to notice that geographically Australia offers a huge potential for radio occultation
research. With its large unpopulated areas which immediately present unlimited potential for ground
weather observation stations, it is a dry continent surrounded by oceans which is the best place to
collect retrieval results from the troposphere.

5.2 Future work
For future work related to this thesis, it’s recommended to consult some additional information
concern the radio occultation measurement errors. For good radio occultation observations and
accurate measurements of atmospheric profiles it is consider following the excellent open web data
sources from all RO missions and to test other similar software available online.
During my research, I came across several radio occultation software made in general, for dualfrequency receiver but with options to be recoded for users with other perspectives in RO observation.
Due to lack of time I did not have enough time to redesign them for QB-50 RO single-frequency
experiment, but I would like to mention that they were very well deployed, tested and open to all
changes in it.
Below, is linked some of interesting software for possible future implementation in QB-50
experiment.
The EUMETSAT is responsible for GRAS RO data from METOP satellites and also for operational
processing RO data from other missions as well. The ROM SAF is the EUMETSAT Satellite
Application Facility for delivering important data for numerical weather prediction (NWP) users. The
information which ROM SAF provides are connected also with software “ROPP” Radio Occultation
Processing Package which may aid users to process, control and assimilate RO data from any radio
occultation mission into different models. ROPP is free source software package which provide with
test scripts also data files, documentation and online support team for users (Poli, Healy and Dee,
2010) (http://www.romsaf.org/index.php) .
The other one free software for TEC analysis named “GPS-TEC” is developed by Professor Gopi
Krishna Seemala, from Boston University and is made to process RINEX files, to creating ASCII files
which are containing the coordinates and TEC results.
It may download from webpage (http://seemala.blogspot.fr/2014/07/rinex-gps-tec-program-version292.html).
As a third solution I will recommend ESA’s “gLAB” software with practical lectures, manuals and
exercises associated to “ The GNSS Data Processing” book from(J. Sanz Subirana, J.M. Juan Zornoza
and M. Hernández-Pajares, 2013).
Is free online to download and easy to work with it ( http://gage.upc.edu/gnss_book).
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APPENDIX:
#!/usr/local/bin/python
# coding: iso8859-2
#

import sys, getopt, numpy
from rinex import *
from dfunctions import *

# Main function
# This is written only because of the need for the command-line arguments
def main(argv):
r = drinex()
sv = 1 # Default SV
sw = 5 # Default for smoothing window
verbose = 0 # Should the programm print extra informative data

# Make some zig-zag with the input parameters
try:
opts, args = getopt.getopt(argv,"ho:n:s:m:v",["ofile=","nfile=","sv=","sw=",])
except getopt.GetoptError:
print 'tec.py -o <RINEX observation file> -n RINEX navigation file> -s SV -m smoothing_window'
sys.exit(2)
for opt, arg in opts:
if opt == '-h':
print 'tec.py -o <RINEX observation file> -n RINEX navigation file>'
sys.exit()
elif opt in ("-o", "--ofile"):
r.obsFile = arg
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elif opt in ("-n", "--nfile"):
r.navFile = arg
elif opt in ("-s", "--sv"):
sv = int(arg)
elif opt in ("-m", "--smoothing_window"):
sw = int(arg)
if opt in ("-v", "--verbose"):
verbose = 1

# It is here and further what we are actually doing

# Continual segments of receiving signals for satellite sv
print ""
print "Continual segments of receiving signals for SV",sv
print ""
sgs = r.getContinualSegmentsCount("C1",sv)
s=0
for sfrom, sto in sgs:
if s == 0:
print "Segment",s,":",(sto-sfrom).seconds,"s"
else:
print "Pause:", (sfrom - sto0).seconds,"s; Segment",s,":", (sto-sfrom).seconds,"s"
sto0 = sto
s=s+1

print ""
sgno = input("Choose a segment to process: ")
sg = sgs[sgno]

c1 = r.getObservations('C1', sv)
l1 = r.getObservations('L1', sv)

64
ISU MSS 2015 Danijela Ignjatovic Stupar

QB50 GNSS Radio Occultation

l2 = r.getObservations('L2', sv)

r1c1 = [] # (R1 - C1) array
c1c2 = [] # (C1 - C2) array
r1c1mr1c1s = [] # (R1 - C1) - (R1 - C1)smoothed array

start = 0
stop = 0
j=0
for i in c1:
if i[0] == sg[0]:
start = j
if i[0] == sg[1]:
stop = j
j=j+1

print "Processing the",c1[start][0],"-",c1[stop][0],"timeframe:"
print ""

ratio = 1. * fL2 * fL2 / (fL2 * fL2 - fL1 * fL1)

# Now we are stripping the original C1 and L1 observations arrays
# to fit the timeframe [start, end]
c1 = r.strip(c1, start, stop)
l1 = r.strip(l1, start, stop)
l2 = r.strip(l2, start, stop)

# Calculate code-carrier on L1 for the satellite sv
for i, j, k in zip(c1, l1, l2):
r1c1.append(float(i[3]) - float(j[3]) * light / fL1)
c1c2.append(float(j[3]) - float(k[3]) * ratio) # Second term still missing
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# Smooth R1-C1
r1c1s = movingaverage(r1c1,sw)

# Strip (R1-C1) and (C1 - C2) arrays to fit the (R1 - C1)smoothed array
r1c1 = r1c1[sw / 2:len(r1c1) - sw / 2]
c1c2 = c1c2[sw / 2:len(c1c2) - sw / 2]

# Calculate the third criterion
k=0
scale = 1.
for i,j in zip(r1c1, r1c1s):
c1c2[k] = c1c2[k] * scale + j * 0.5
r1c1mr1c1s.append(i - j)
k=k+1

# Calculate the autocorrelation of (R1-C1)-(R1-C1)smoothed array
acorr = numpy.correlate(r1c1mr1c1s,r1c1mr1c1s,mode='full')

# This is to check smoothing of the original observations
# It is written to stdout only if verbose == 1 (-v on the command line)
if verbose == 1:
# Strip the original list r1c1 for int(window/2) items from both ends
# to meet the length of the smoothed r1c1s list
over001 = 0
over01 = 0
over1 = 0
over10 = 0
over100 = 0
over1000 = 0

66
ISU MSS 2015 Danijela Ignjatovic Stupar

QB50 GNSS Radio Occultation

# Print (R1-C1) - (R1-C1)smoothed
for i,j in zip(r1c1,r1c1s):
sub = i - j
if abs(sub) > 1000:
over1000 = over1000 + 1
elif abs(sub) > 100:
over100 = over100 + 1
elif abs(sub) > 10:
over10 = over10 + 1
elif abs(sub) > 1:
over1 = over1 + 1
elif abs(sub) > 0.1:
over01 = over01 + 1
elif abs(sub) > 0.01:
over001 = over001 + 1
print ""
print "(R1-C1)-(R1-C1)smoothed differences [m]:"
print "

> 1000: ",over1000

print " 100 - 1000: ",over100
print " 10 - 100: ",over10
print " 1 - 10: ",over1
print " 0.1 - 1: ",over01
print " 0.01 - 0.1:",over001
print ""

# Get the registration interval
interval = r.getRegistrationInterval()

# Prepare the data file for gnuplot
# It will create the file tec.data, with the following columns:
# 1. epoch in [s] starting from 0 for the processed segment
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# 2. (R1 - C1)
# 3. (R1 - C1)smoothed
# 4. (R1 - C1) - (R1 - C1)smoothed
# 5. (C1 - C2) * scale - (R1 - C1)smoothed / 2
of = open('tec.data','w')
z=0
for i, j, l in zip(r1c1, r1c1s, c1c2):
ostr = str(z * interval) + '\t' + str(i) + '\t' + str(j) + '\t' \
+ str(i - j)

+ '\t' + str(l) + '\n'

of.write(ostr)
z=z+1
of.close()

# Autocorrelation graph data
# It cannot be incorporated in the file tec.data, because it comprises
# twice the data amount than other data
of = open('autocorr.data','w')
z = -int(len(acorr) * 0.5)
for i in acorr:
ostr = str(z * interval) + '\t' + str(i) + '\n'
of.write(ostr)
z=z+1
of.close()

# Keep the program alive until pressing ENTER
e = raw_input('Press ENTER to exit')

# Main program (entry point)
if __name__ == "__main__":
main(sys.argv[1:])
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